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SUMMARY

A highly sensitive and selective laser-based detector for high-performance
liquid chromatography is presented. The detector combines the selectivity of fluo-
rescence and the selectivity of optical activity to provide specificity. A HeCd laser
operating at 325 nm with about 8 mW power is used with electro-optic modulation
at 150 kHz. As a highly sensitive optical activity detector, the detection limit is 170
pg injected riboflavin using conventional liquid chromatography.

INTRODUCTION

High-performance liquid chromatography (HPLC) is extensively applied in the
analysis of complex, often biologically related, samples. If the separation process is
not adequate in providing the extent of selectivity required in an analysis, an appro-
priate detector must be chosen!. Optical activity detection (OAD) is a method that
can provide excellent selectivity in HPLC analyses. OAD-HPLC procedures using
polarimetry as the detection principle have been reported for the analysis of carbo-
hydrates in urine? and cholesterol in human serum3. Optically active species in the
samples are detected, exclusively, while optically inactive species pass through the
detector unnoticed. Even greater selectivity in HPLC detection may be useful as
complexity increases for the samples.

Riboflavin (vitamin B,) is an important chemical species that exhibits both
strong fluorescence and optical activity. Various analytical procedures for its analysis
have been reported*—¢. Using a commercially available fluorescence detector, with a
conventional light source, and conventional HPLC, these procedures typically pro-
duced detectabilities of low nanogram levels of injected riboflavin. The need for a
more sensitive procedure for riboflavin was suggested*. A laser fluorometric study of
riboflavin provided data that imply that picogram detectabilities are possible for
conventional HPLC?. Also, it is common for riboflavin to exist in a sample matrix
that is quite complex, and traditional fluorescence detection, while selective to some
extent, may not be adequate for the analysis. Circular dichroism (CD) spectroscopy
of riboflavin and its analogues suggests that CD may provide an added dimension
of selectivity when coupled with fluorescence®.
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The use of fluorescence detected circular dichroism (FDCD) in the analysis of
biologically significant systems in static solutions® provided invaluable structural in-
formation. This application suggests the development of an HPLC detection principle
based upon FDCD. Similarly, the report of a transmission mode (TM) CD detector
for HPLC!© supports the claims of improved selectivity and ample sensitivity that
an FDCD detector for HPLC should provide.

In this paper, a laser-based FDCD-HPLC system has been developed, and
tested with a reversed-phase chromatographic separation of a mixture containing
riboflavin. Some of the problems associated with CD detection in dynamic (flowing)
systems, as compared to static systems, are discussed. Also, experimental and tech-
nical considerations concerning FDCD-HPLC and TM CD-HPLC?!® will be pre-
sented. FDCD-HPLC is found to provide ample sensitivity (170 pg limit of detection
for riboflavin), while also providing the detection selectivity of optically active fluo-
rophores in the presence of optically inactive fluorophores.

THEORY

CD is defined as the difference in absorbance of left circularly polarized light
(LCPL) and right circularly polarized light (RCPL). Since CD is dependent upon
absorbance, the CD parameter, Ae, is related to the molar absorptivities for LCPL
and RCPL by

Ade = €L — Er (1)

where L indicates LCPL and R indicates RCPL. In order to use eqn. 1 for FDCD,
an expression relating the fluorescence, I, detected at 90° from an incident light
source I, for small absorbance, is useful.

Ie = 2.303 f(0)g(DprebClo 2

where f(8) is a geometric collection efficiency factor, g(4) is a signal conversion factor
depending upon wavelength, @ is a factor accounting for quantum efficiency of
fluorescence, ¢ is the average molar absorptivity, b is the observed pathlength, and
C is the concentration of a fluorophore.

Ideally, the light source incident upon a FDCD detection cell is modulated at
a given frequency, so that one half-cycle is entirely RCPL and the second half-cycle
is entirely LCPL. In practice, this is not the case, but rather

Aly = Iy — Lhr 3
with

Iy = (Ior + Ior)/2 @
It is also useful to note that

&€= (e + er)/2 &)
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for optically active species. Thus, for a lock-in detection system, the signal detected
in the FDCD measurement, 475, will be related to the fluorescence intensity detected
on each half-cycle of modulation

Al = IF,R - IF,L (6)

where Iy g is the fluorescence intensity due to RCPL, and /g is the fluorescence
intensity due to LCPL. Taking eqns. 1 and 2 and assuming 47, is equal to zero, the
FDCD signal is expressed by

Al = — 2.303 f(0)g(A)prdehCl, %)

The negative sign indicates that the FDCD signal is opposite in magnitude as com-
pared to the TMCD signall®, according to the definition of A¢ in eqn. 1. Eqn. 7 is
consistent with what has previously been reported!! for the FDCD measurement in
static systems. Eqn. 7 is an ideal expression, since 47, cannot be neglected in practice
due to imperfections in the electro-optic modulation process and due to difficulties
in balancing birefringent and reflection phenomena in the detection cell'2. The A,
effect on Al can be included on an additive basis, since very small absorbances are
measured in a chromatography context. For an optically active fluorophore, Afr ga
is given by

where the first term in the brackets is for the CD effect, and the % sign on the second
term indicates that A1, can arbitrarily be positive or negative relative to the first
term!®. For an optically inactive fluorophore, an experimentally measured signal,
Alg o1, due entirely to 47, may be observed

Als.or = 2.303 (6)g(A)@rbCl £ eAly] ©9)

Note that for a given measurement, the + sign in egns. 8 and 9 will be the same.

It is possible to measure both the fluorescence and the FDCD signal®? for the
same chromatographic system. For an optically active fluorophore, using eqns. 2 and
8, the ratio of Ay oa and [ is given by

Mlros 4o 4l

10

IF e I o ( )

where ¢ is defined as in eqn. 5 and 7 is defined by eqn. 4. For an optically inactive
fluorophore, using eqns. 2 and 9, the ratio of Ao and 7 yields

Al Al
L (11y
Ir I

Again, the + sign in eqns. 10 and 11 will be the same. Thus, if the effect due to 4/,
cannot be neglected, then the use of an optically inactive fluorophore, via eqn. 11,
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provides a means to subtract off this unwanted contribution in eqn. 10 for optically
active fluorophores. This procedure will be confirmed in this work, by utilizing it in
HPLC coupled with FDCD detection.

EXPERIMENTAL

Detection system

The detection system is laser-based, modulated by using polarization tech-
niques, and can be seen in Fig. 1. The 325-nm light from the HeCd laser (Liconix,
Sunnyvale, CA, U.S.A. Model 4240NB) at about 8 mW power is sent through a
50-cm focal length quartz lens, and on through an electro-optic modulator (Laser-
metric, Teaneck, NJ, U.S.A., Model 3030). After exiting the modulator, the light
enters the chromatographic detection cell. The detection cell is approximately at the
focal point of the quartz lens. Any fluorescence originating in the detection cell is
collected 90° from the incident laser beam direction. This fluorescence passes through
two filters (Corning Glass, Corning, NY, U.S.A., 4-65 and 0-52) before detection
with a photomultiplier tube (RCA, Harrison, NJ, U.S.A., Type 1P28), which is biased
at 1000 V. The detected signal is sent through an AC amplifier with a gain of 100,
and on to a lock-in amplifier (Princeton Applied Research, Princeton, NJ, U.S.A.,
Model 5202), for phase-sensitive detection synchronized to the modulation frequency
applied to the electro-optic modulation device. The output from the lock-in amplifier
is sent to a strip chart recorder operating at 1 V full scale.

The polarization of the laser beam initially is vertical to the plane of the optical
table. The electro-optic modulator (i.e. Pockels cell) acts upon the polarized laser
light, in conjunction with a modulation driver (Conoptics, Danbury, CT, U.S.A.,
Model 25), which in turn is synchronized with the lock-in amplifier via a wave gen-
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Fig. 1. FDCD-HPLC system. HC = HeCd laser, 8 mW; FL. = 50-cm focal length quartz lens; PC =
electro-optic modulator (Pockels cell); M = modulation driver; W = waveform generator; LCS = liquid
chromatography system; WL = waste liquid; C = detection cell (detailed in Fig. 2); S = beam stop;

F1 = 4-65 Corning filter; F2 = 0-52 Corning filter; P = photomultiplier tube; H = high voltage power
supply; A = AC amplifier; L = lock-in amplifier; R = chart recorder.
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Fig. 2. Chromatographic detection cell. B = 1.8 cm total pathlength; B’ = 1.2 cm observed pathlength;
D = 1.0 mm LD. quartz tubing; T = chromatography tubing, inlet and outlet.
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erator (Wavetek, San Diego, CA, U.S.A., Model 162). The system is operated at 150
kHz with a square wave from the wave generator. It is possible to obtain CPL directly
from the Pockels cell without using a Fresnel rhomb prism. This is in contrast to
previous work'®. By proper adjustment of the modulation driver bias voltage and
input waveform peak-to-peak voltage, both right and then left CPL can be pro-
duced. Yet, the production of CPL from the Pockels cell must be tested with a
Fresnel rhomb, a polarizing prism, and a photodiode detector. Once CPL is obtained
with the Pockels cell, the detection system for FDCD is simpler and just as effective
as that reported for TMCD?!®.

Chromatography system

The eluent consisted of 20% acetonitrile (Burdick and Jackson, Muskegon,
MI, U.S.A., HPLC grade) and 80%, by volume, water, initially deionized and pur-
ified with a commercial system (Millipore, Bedford, MA, U.S.A., Milli-Q System).
The liquid chromatography system consisted of a syringe pump (ISCO, Lincoln, NB,
U.S.A., Model 314), an injection valve (Rheodyne, Berkeley, CA, U.S.A., Model
7410) with a 1-ul injection loop, and a 15 cm x 2.1 mm L.D. 5-um C;g chromato-
graphy column (Alitech Assoc., Deerfield, IL, U.S.A.), which was connected to a
detection cell (made in-house, shown in Fig. 2), having an observation pathlength of
1.2 cm and a cell volume of 14 ul. A flow-rate of 200 ul per min was used. The
detection cell is positioned, with care, using a combination of translational and ro-
tational stages (Aerotech, Pittsburgh, PA, U.S.A., Model ATS-301 and ATS-301R).

Samples studied

Both the optically active fluorophore (—)-riboflavin and the optically inactive
fluorophore 4-methylumbelliferone were commercially available, reagent grade
chemicals. They were found to be sufficiently pure for this work. Riboflavin and 4-
methylumbelliferone both exhibit large absorptivities at 325 nm. Log ¢ values are 3.3
and 4.1, respectively, for these compounds. Also, they both exhibit intense fluores-
cence. The maximum fluorescence for riboflavin is near 535 nm, while that of 4-
methylumbelliferone is below 500 nm. The filters were chosen to pass the fluorescence
of riboflavin, but a significant amount of 4-methylumbelliferone fluorescence was
also allowed to pass. From the literature®, the optically active (— )-riboflavin has
Ae values ranging from +1.5to +2.51cm ™! mol ™! in solvent systems such as that
used in this study. Concentrations injected into the HPLC system were 1.05 - 10~°
M riboflavin and 4.25 - 1075 A 4-methylumbelliferone. Riboflavin has a molecular
weight of 376 g/mole.

Fluorescence and FDCD measurements

A fluorescence chromatogram was obtained by inserting a Glan-Thompson
polarizing prism (Karl Lambrecht, Chicago, IL, U.S.A., Model MGLA-SN-8) after
the Pockels cell but before the detection cell. The modulation system was adjusted
to form a polarization modulated laser beam that is “on” for one half-cycle, and
“off” for the other half-cycle. Lock-in detection provides a fluorescence signal pro-
portional to that described by eqn. 2. A series of at least three fluorescence chro-
matograms were obtained until good precision was substantiated by the reproduci-
bility.
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A FDCD chromatogram was obtained by removing the polarization prism
and adjusting the modulation system to produce, alternately, RCPL and LCPL as
a function of the modulation frequency. Lock-in detection provides a FDCD signal
proportional to that described by eqns. 8 and 9. This is done only after the ratio
Aly/I, has been experimentally minimized to reduce this extraneous contribution to
the signal (see eqns. 10 and 11). FDCD chromatograms were collected until good
reproducibility was confirmed, which was at least three trials.

RESULTS AND DISCUSSION

Fluorescence and FDCD chromatograms

A mixture containing riboflavin and 4-methylumbelliferone was injected onto
the chromatography system and the fluorescence was detected. The fluorescence chro-
matogram for one of these equivalent trials is shown in Fig. 3. Notice that the peak
heights for both species are nearly identical. The FDCD detection system was then
employed. The same sample mixture was injected onto the chromatography system
with optimized FDCD detection. The FDCD chromatogram, for one of three trials,
is shown in Fig. 4.

It is apparent that the optically inactive 4-methylumbelliferone still provides
a signal in FDCD detection. This is due to the magnitude of its molar absorptivity,
&, and the magnitude of the ratio 41/, in relation to the magnitude of Ae for typical
optically active species. Recall that the “error”, R, due to Al in a chromatography
context for TMCD!? is given by
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Fig. 3. Fluorescence chromatogram. R = (—)-riboflavin at 1.05 - 1075 M; M = 4-methylumbelliferone
at 4.25-107% M. 1 ul injected at these concentrations, at a flow-rate of 200 gl/min. Column, 5-um ODS
150 x 2.1 mm; eluent, acetonitrile-water (20:80).

Fig. 4. FDCD chromatogram. R = (—)-riboflavin; M = 4-methylumbelliferone. Same chromatographic
conditions and samples as in Fig. 3. A portion of the base line noise is amplified by a factor of 4 for
comparison.
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where R indicates the proportion of the offset signal as compared to the CD signal
for optically active species.

Using the peak heights from the data in Figs. 3 and 4, and knowing the relative
difference for the vertical scales used in Fig. 3 and 4, eqns. 10 and 11 were applied.
For the optically inactive 4-methylumbelliferone, using eqn. 11, Af,/I; was found to
be 5.5 - 1074, Using 41y/I, = 5.5 - 10™* in eqn. 10, for optically active (—)-ribo-
flavin, a Ae/e of 4.9 - 10* was calculated. Substituting these values into eqn. 12 yields
an R value of 1.12. Thus, the fraction of the CD signal relative to the total signal
measured in the FDCD experiment was calculated from the definition of R, and was
found to be 47%. The 4g/e value for (—)-riboflavin at 325 nm is generally near
5.0 - 1074, for solvent systems similar to the chromatographic eluent used in this
work?®. This value for 4¢/e compares favorably to the experimentally measured value
of 4.9 . 10™* found here. Note that the A1,/f, contribution in egn. 10 is added to the
CD contribution, Ag/e. On different days, due to differences in alignment, the Aly/I,
contribution was observed to either add or substract from the CD contribution. The
direction of the CD contribution to the total FDCD signal for (—)-riboflavin is
however consistent with eqn. 10, the literature A¢ value, and the production of RCPL
and LCPL via the modulation system.

Comparison of laser—modulation system combinations

It is interesting to compare the 471,/1, value obtained with FDCD-HPLC using
a HeCd laser, with that obtained using an argon ion laser. Apparently, due to po-
larization instabilities in the HeCd laser and Pockels cell modulation system, a A1,
of 5-107* and a peak-to-peak noise to signal ratio (PPN/I,) of 7 - 10~ % was the
best obtainable. This was obtained at 150 kHz modulation frequency. Increasing or
decreasing the modulation frequency had an adverse effect on these values. This is
for either transmission or fluorescence detected CD measurements. In contrast, mea-
surements with transmission and fluorescence detected CD systems using an argon
ion laser® yielded a 47,/I, of 6 - 1073 and 1 - 1074, respectively. Also, the PPN/I,
was near 1 - 107 for the transmission detected CD system with a 500 kHz modu-
lation frequency!®. Obviously, there are marked differences in the characteristics of
these two laser-modulation system combinations. We observed that transmission of
the Pockels cell used is 90% at 488 nm and 75% at 325 nm. The absorption-induced
heating at the latter wavelength probably caused the poorer performance. While the
argon ion laser appears superior in considering Aly/I, and PPN/I,, the HeCd laser
was chosen since Ade/e for riboflavin and other important biologically related fluo-
rophores is more favorable at 325 nm (HeCd laser) than at 488 nm (argon ion laser).

Comparison of transmission and fluorescence detected CD

Comparing the nature of transmission and fluorescence detected CD measure-
ments in the context of chromatography is quite useful. In the TMCD-HPLC sys-
tem'?, the offset ratio, Afy/1y, is readily observed on the lock-in amplifier as a steady
DC signal shifted one way or the other from true zero. This is the chromatographic
baseline. The elution of a highly absorbing species, assuming a large A1,/1;, will cause
the lock-in signal to swing back towards true zero, while a CD active species adds
a contribution (hopefully significant) to this signal. In comparison, in the FDCD-
HPLC system, the offset ratio, 4ly/l,, is not readily monitored since the correct
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choice of filters will produce nearly a zero light background at the photomultiplier
tube at the chromatographic baseline. It is necessary in FDCD-HPLC to consider
the use of a steady-state flow of some highly fluorescing, yet optically inactive, species
from another pumping system separate from the chromatography system. Thus, be-
fore a set of analyses are done on the FDCD-HPLC system, the offset ratio 4/o//o
can be minimized with easy visualization on the lock-in amplifier. Once accomplished,
the chromatography column can be connected to the detection cell to complete the
FDCD-HPLC system. It should be emphasized that such careful adjustments to
reduce Aly/I, are necessary to avoid artifacts in the chromatograms.

Quantitation calculations for the FDCD-HPLC system

1t is of value to calculate the limit of detection (LOD) for (—)-riboflavin in
the FDCD-HPLC chromatogram (Fig. 4). Using the 1 x PPN as the LOD, and the
CD fraction (47%) of the peak height, the mass detectability is 168 pg injected
(—)-riboflavin. The minimum concentration detectable is 4.5 - 10~7 M injected, using
the 1-ul injection loop, 1.2 cm observed pathlength cell, and a 10 s time constant. A
10-s time constant was used because the FDCD measurement is, actually, the differ-
ence of two very large numbers, with respect to the chromatographic background,
for an eluting fluorophore. The peak widths here are not substantially degraded at
a 10-s time constant. A 1-s time constant was tested, and for this FDCD-HPLC
system, provided slightly sharper chromatographic peaks but a poorer LOD by a
factor of about 4, as compared to the 10-s time constant data. The precision for
multiple trials with the FDCD-HPLC system yielded a relative standard deviation
of about 11% for the peak heights shown in Fig. 4. This indicates the presence of
underlying polarization fluctuations with the measurement, that are hidden by the
apparently stable chromatographic baseline. As a regular fluorescence detector (Fig.
3), the detection limit for riboflavin was about 300 femtograms, with a 10-s time
constant.

CONCLUSIONS

A FDCD detection system, suitable for HPLC has been presented. The per-
formance in terms of concentration detectability is better than that obtained for
stopped-flow (static) or rapid-scanning CD detection systems!3.1°, The ability to do
CD measurements in dynamic systems (HPLC) complements these published studies.
The FDCD-HPLC system reported here provides optical activity identification of
eluting species that would not have been available in the wavelength region used,
unless microgram quantities of optically active materials were injected'”. Thus, the
system provides over a 103-fold improvement in mass detectability for fluorophores.
The detectability is about 10 times better than the laser-based TMCD-HPLC system
reported earlier'®. With further refinements in laser sources and modulation sys-
tems!8, the selectivity of the measurement may be improved in the future. The present
system provides the lowest detection limit available for indicating the optical activity
of chromatographically separated species. Extension of this principle for microbore
HPLC may improve this result, assuming a long enough pathiength can be main-
tained in detection without inducing too much band broadening. The principle of
FDCD-HPLC may prove invaluable in the analysis of biologically significant sam-
ples, where the optical activity of the sample components must be known.
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